In this report, we present structural data for the murine Xist gene. The data presented in this paper demonstrate that the murine Xist transcript is at least 17.4 kb, not 14.3 kb as previously reported. The new structure of the murine Xist gene described herein has seven exons, not six. Exon VII encodes an additional 3.1 kb of information at the 3 end. Exon VII contains seven possible sites for polyadenylation; four of these sites are located in the newly discovered 3 end. Consequently, it is possible that several distinct transcripts may be produced through differential polyadenylation of a primary transcript. Alternative use of polyadenylation signals could result in size changes for exon VII. Two major species of Xist are detectable by Northern analysis, consistent with differential polyadenylation. In this paper, we propose a model for the role of the Xist 3 end in the process of X-chromosome counting and choice during embryonic development.
Female mammals are mosaic for expression of X-linked genes with the clonal random silencing of gene expression from one X-chromosome (1) (2) (3) (4) (5) . The process of murine X-chromosome inactivation is thought to involve not only the gene Xist (X inactive specific transcript) but also a locus called the Xce (X controlling element) (6, 7) . Molecular, cellular, and transgenic evidence unequivocally proves that Xist is necessary for Xchromosome inactivation (8) (9) (10) (11) . The minimum genomic interval that recapitulates the phenomenon of X-chromosome counting, choice, and silencing can be encompassed on a 40-kb cosmid that contains 9 kb upstream and 6 kb downstream of Xist (10) . In this report, we demonstrate that the widely disseminated structure for the murine Xist gene must be revised. The gene encodes a transcript that is larger than 14.3 kb. We further demonstrate that there are seven exons, not six. Finally, we show that an additional exon is found at the 3Ј end and is located within the region shown to play a role in X-chromosome choice͞counting (7, 12, 13) .
Transgenic studies of X-chromosome inactivation have provided two conflicting lines of evidence. The first line of evidence would suggest that a cosmid spanning Xist encodes information to direct the process of X-chromosome inactivation (10) . These complementation studies showed that in male embryonic stem cells, an ectopic Xist cosmid was essential for control of counting, choice, and silencing of a reporter gene. The other line of evidence, using the cre͞lox deletional technology (12) , would support the existence of another locus responsible for choice and counting. In these experiments, a 65-kb deletion downstream of Xist was shown to alter the transcript stability as well as the ''choice'' mechanism of X-chromosome inactivation. The Xist cosmid contained 6 kb of DNA downstream of the known 3Ј end of Xist. The proximal cre͞lox deletion site is within this 6-kb interval, 1 kb from the 3Ј end of Xist (as described by Brockdorff et al., ref. 14) . The data from this report may reconcile these apparent contradictions by redefining the structure of Xist.
EXPERIMENTAL PROCEDURES
Reagents. YAC116 (9) was used as a genomic DNA control for all the PCR reactions. cDNA libraries were obtained as follows: female mouse lung (Stratagene, Catalogue no. 936307), female mouse brain (Stratagene, Catalogue no. 937319), female mouse uterus (CLONTECH, Catalogue no. ML1022B), male mouse brain (CLONTECH, Catalogue no. ML3000B), male mouse heart (CLONTECH, Catalogue no. ML1048B), mouse lung (CLONTECH, Catalogue no. ML1046B), and mouse testis (CLONTECH, Catalogue no. ML1020B). DNA sequences of the oligonucleotides used in this study are listed in Table 1 .
PCR Amplification and Cloning. DNA fragments containing exons 6 and 7 were amplified either from YAC116 by using WS780 and WS758 or from the female mouse lung cDNA library by using WS780 and WS770. Each fragment was cloned into the pGEM-T vector (Promega), resulting in pWS850 and pWS873, respectively. Expressed Sequence Tag (EST) fragments were recovered from either YAC116, female mouse lung, male mouse brain, or male heart cDNA libraries by using the following primers: pWS811͞WS813 for Xist ϩ EST1, pWS812͞WS815 for EST1 ϩ EST2, pWS835͞WS836 for EST2 ϩ EST3, pWS837͞WS838 for EST3 ϩ EST4. These fragments were cloned into pBluescript II SKϩ (Stratagene), resulting in pWS848, pWS849, pWS854, and pWS855, respectively. The individual ESTs were PCR amplified by using pWS812͞WS813 (EST1), pWS814͞WS815 (EST2), pWS816͞WS817 (EST3), and pWS818͞WS821 (EST4) and cloned into pBluescript II SKϩ, resulting in pWS857, pWS858, pWS859, and pWS860, respectively. All the cloned materials were sequenced by using T3 and T7 primers by the Beth Israel Deaconess Medical Center sequencing facility on an Applied Biosystems 377 sequencer.
DNA Blotting. Duplicate gels containing the PCR products with the primers, WS831͞WS832 (Xist ϩ EST1), WS833͞ WS834 (EST1 ϩ EST2), WS835͞WS836 (EST2 ϩ EST3) and WS837͞WS838 (EST3 ϩ EST4) were transferred to nylon membrane and hybridized with probes spanning the 5Ј and 3Ј end of each fragment. Thus, Xist ϩ EST1 was probed with both the Xist probe and the EST1 probe; EST1 ϩ EST2, EST2 ϩ EST3, and EST3 ϩ EST4 fragments were analyzed similarly. The 270-bp product from a PstI͞BglII digestion of pWS850 was used as the probe for the 3Ј region of Xist; probes for EST1, 2, 3, and 4 were prepared from BamHI͞SalI digestions of pWS857, pWS858, pWS859, and pWS860, respectively. All the probes were radiolabeled by the random hexamer labeling method (15) in the presence of [
P]dCTP and hybridized for
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12-24 hr at 65°C in a buffer containing 7% SDS, 2 mM EDTA (pH 7.6), and 0.5 M sodium phosphate (pH7.5).
Northern Blot Analysis. Total RNA was isolated by using the guanidinium thiocyanate method from kidneys of male and female mice (16) . Total RNA was electrophoresed on 0.8% agarose gel containing 2.2 M formaldehyde for 16 hr at 100 V and then transferred to positively charged nylon, yielding duplicate matched lanes. Then, blots were hybridized with 32 P-labeled DNA fragments from either SacII͞SacI digestion of pWS850 or ClaI͞EcoRI of pWS854 (see Fig. 3 ).
RNA-Fluorescence in Situ Hybridization (FISH).
Male and female fibroblasts were isolated from normal mice, grown on chamber slides, and fixed as described (17) . Two plasmids were used as probes for RNA-FISH: EST 2͞3 (pWS854, digoxygenin) or exons VI-VII (pWS850, biotin) (see Fig. 2 A). Probes were hybridized either separately or simultaneously to the interphase spreads of murine male and female dermal fibroblasts. After washing, the spreads were labeled with antidigoxygenin rhodamine or avidin-fluorescein. Images were collected with a Nikon E-800 microscope equipped with a Sensys (Photometrics, Tucson, AZ) digital CCD camera. Grayscale images for either FITC, rhodamine, or 4Ј,6-diamidino-2-phenylindole filter sets were pseudocolored and images were merged in the 12-bit format. The 12-bit data were compressed as 8-bit data during export to Photoshop 5.0 (Adobe Systems, Mountain View, CA) for final figure preparation (Fig. 4) .
RESULTS
We examined the Xist transcript (GenBank accession no. L04961) and genomic sequence (GenBank accession no. U41394). This review brought to light discrepancies and required that the organization of the Xist gene be reevaluated. The predicted size and sequence of the established exon VI was in fact not in agreement with the apparent cDNA structure. The genomic sequence would have predicted that an additional 781 bp of sequence should be part of the cDNA. Cloning and sequencing the relevant regions from both the genomic and cDNA derived from PCR-amplified templates confirmed that this genomic sequence was absent in the cDNA (see Fig. 1 A  and B) . Consistent with this difference, splice donor and splice acceptor sequences could be identified. Despite the published (14) structure of Xist, the only logical conclusion was that exon VI was in fact two exons. These exons are therefore renamed exon VI and exon VII. Exon VI is 155 bp long.
A survey of the EST database was also conducted. During this survey, all mouse ESTs were mapped to the 94-kb sequence spanning the mapped location of the Xce (GenBank accession no. X99946). We determined that there were four ESTs that mapped between the published 3Ј end of Xist and Tsx (see Fig. 2A and notes) . In fact, all four of these female-specific ESTs were within 3.1 kb of the 3Ј end of Xist, and no other EST sequences were observed to map to this interval. Further examination of these four female-specific ESTs revealed that they did not encode any significant ORFs as indicated by the DNA STRIDER program. In an effort to relate the significance of these ESTs to Xist, we constructed a series of PCR primers that spanned either the individual EST sequence, the 3Ј end of Xist and EST1 (X ϩ EST1), EST1 ϩ EST2, EST2 ϩ EST3, or EST3 ϩ EST4. These primers were then used to screen cDNA libraries constructed from RNA derived from murine male or female soma. In particular, the female cDNA library was the one used to originally define the murine Xist structure (14) . When primers spanning Xist and EST1 (X ϩ EST1) were used, only a female-specific product was isolated (Fig. 2B) . This result demonstrates the colinearity of Xist transcript with EST1. The isolation of female-specific PCR products for the combinations of primers termed EST1 ϩ EST2, EST2 ϩ EST3, EST3 ϩ EST4 was also observed. These results demonstrate the colinearity of all the ESTs with each other and with Xist transcript. Our conclusion from these data was that the murine Xist transcript was in fact larger than originally defined, extending into the genomic region demarked by EST1-EST4.
We wished to determine whether sequences downstream of EST4 were also incorporated into the Xist transcript. Two sets of PCR primers were used in combination to attempt to recover cDNA material from three female as well as four male cDNA libraries (see Fig. 2 A and data not shown). No products were detected in these experiments.
No size difference between genomic or cDNA template was observed with primers spanning Xist ϩ EST1, EST1 ϩ EST2, EST2 ϩ EST3, EST3 ϩ EST4. All PCR products were subject to complete sequence analysis. The results of this analysis confirmed that the PCR products were in fact derived from the region spanned by EST1-EST4. Several interesting structural features were observed: four additional polyadenylation signals, as well as two potential stem loops. This suggested that the Xist transcript was not only extending into the EST1-EST4 (1999) region, but that the portion of the transcript derived from this region could be differentially processed; however, no evidence for differential splicing was observed (see Fig. 2B ).
To determine the size and complexity of the Xist transcript(s) encompassing the new 3Ј end, Northern blots were used. Somatic RNA was extracted from murine female and male kidney. After fractionation on denaturing agarose gels, the resulting blots were hybridized either to a probe corresponding to exons VI-VII (pWS850) or to a probe corresponding to the region spanned by EST2 and 3 (pWS854) (see Fig.  3 ). The figure shows two major species of Xist using the pWS850 probe. The new 3Ј-end probe, pWS854, hybridizes disproportionately to the larger of the two major species of Xist RNA.
RNA-FISH was performed to determine whether the new 3Ј end colocalized with the established sequences of the murine Xist transcript on the inactive X-chromosome found in female cells (see Fig. 4 ). The same two DNA probes used for Northern analysis were used in this experiment. The data from these experiments show that the probe (pWS854) corresponding to the 3Ј end colocalizes with the rest of the Xist transcript (pWS850) on the inactive X-chromosome. Thus the new 3Ј end of the murine Xist gene is associated with Xist molecules, which correctly localize in a functionally significant manner.
DISCUSSION
One conclusion of the data presented here is a redefinition of the exonic͞intronic structure of Xist. The cDNA, as originally described (14) , was thought to be composed of six exons. The genomic sequence deposited in GenBank shows splice donor͞ acceptor sites consistent with a seventh exon. Here we demonstrate that these putative signals are used, and the segment thought to encode exon VI is actually encoded by two exons that we have labeled VI and VII, the existence of this exon proven by comparison of cloned cDNA with cloned genomic DNA. The reassignment of exon VI into exons VI and VII does not greatly alter our understanding of Xist.
Another conclusion of the current report is the observation that the newly defined exon VII contains at least an additional 3.1-kb colinear sequence. In previous studies, EST and genomic sequence comparisons between the mouse and human Xist locus have suggested alternative structures for the murine Xist gene. One such study suggested that the mouse Xist gene contained a small distinct 3Ј exon homologous to the human Xist eighth exon (18) . In this same study, no evidence was found for a seventh exon. The data collected in the current study show no evidence for a distinct ''eighth'' exon in the major Xist transcript. Sequence analysis reveals at most seven polyadenylation sites 3Ј of exon VI. Thus the structure of the Xist gene described here is consistent with a number of differential patterns of polyadenylation. Alternative use of polyadenylation signals could result in size changes for exon VII.
Consistent with our database and sequence evaluations, Northern analysis demonstrates that the major murine Xist transcript is longer than previously considered (14, 19) . One of (12) begins from the ScaI site (marked with heavy arrow) in the EST1. EST fragments were recovered as described in Experimental Procedures. (B) All the ESTs are colinear with Xist. All PCR products were sequenced. For the purpose of this figure, the PCR fragments for Xist ϩ EST1 and for EST1 ϩ EST2, EST2 ϩ EST3, and EST3 ϩ EST4 were electrophoresed in 0.8% and 2% agarose gels, respectively, transferred to nylon membranes, and hybridized with individual fragments (probes for this figure, Xist, EST1, EST2, and EST3, respectively). (C) YAC116 (genomic DNA); &, female mouse lung cDNA library; (, male mouse brain and male heart cDNA libraries. Approximate DNA sizes are marked by using either 1-kb marker (GIBCO͞BRL) for 0.8% gel or 100-bp marker (NEB, Beverly, MA) for 2% gel. The top of each lane is the origin of migration. § Note: Accession no. AA690387 is incorrectly identified as derived from a male mouse cDNA library in GenBank. It is correctly attributed to a female library on the I.M.A.G.E. home page (http:͞͞www-bio.llnl.gov͞bbrp͞image͞image.html). the two major Xist species hybridizes strongly to sequences previously identified with Xist (pWS850) as well as to the new sequences reported in this paper (pWS854). As expected, the 5Ј-probe, mx8 (20) , failed to hybridize to the major murine somatic Xist transcripts (data not shown). RNA-FISH experiments have produced results that show that transcripts containing the new 3Ј end colocalize with transcripts containing the more 5Ј-exons. This colocalization supports the conclusion that the new 3Ј end of the murine Xist gene is part of the functional transcript that has been demonstrated to be necessary for X-chromosome inactivation (8) (9) (10) (11) .
The current revision of Xist gene structure to include the addition of an enlarged exon VII alters the interpretation of the results from cre͞lox deletional studies (12) . The Xist proximal loxP (see Fig. 2 A) site thought to lie distal to the 3Ј end of Xist (14) in fact interrupts the Xist transcript in the EST1 region before the fourth polyadenylation signal (see Fig. 2 A) . Furthermore, it was established in these cre͞lox transgenic studies that deletions altered Xist expression level in embryonic stem cells and somatic cells, as well as choice of Xic to undergo cis inactivation. In embryonic stem cells, expression of a 3Ј-deleted Xist allele is virtually undetectable despite the fact that the promoter region is untouched (20) . This same allele is highly expressed and is always chosen in differentiated embryonic stem cells (12) . Thus, exclusive choice of the deleted Xist allele may be caused by the loss of sequence at its 3Ј end. This loss of sequence could alter mRNA stability. A change in Xist stability has been hypothesized to act as a trigger in the process of cis-inactivation (21, 22) . The production of a transcript stabilized at the 3Ј end may therefore be a ratelimiting step in both chromosome choice and initiation of cis-inactivation.
It is reasonable to consider that the observed transgenic phenomena are caused, at least in part, by the alteration in Xist genomic structure. However, other models are possible. In the reported deletion (12) there may be additional genes, regions, or elements critical for Xist stability and X-chromosome choice͞counting. Only a revised functional analysis of the region 3Ј to Xist will resolve the issue.
